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Bounds on Warped Extra Dimensions from a Standard Model-like Higgs Boson 
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We point out that the discovery of a hght Higgs boson in the 77, ZZ and WW decay channels 
at the LHC, with cross sections not far from the predictions of the Standard Model, would have 
important implications for the parameters of warped extra-dimension models. Due to loop effects 
of Kaluza-Klein particles, these models predict a significant reduction of the Higgs production cross 
section via gluon-gluon fusion, combined with an enhancement of the ratio Br(/t — >■ 77)/Br(/i ^• 
ZZ). LHC measurements of these decays wiU probe Kaluza-Klein masses up to the lOTeV range, 
exceeding by far the reach for direct production. 



Introduction 

The announcement of the first evidence for a Higgs- 
boson signal in the search channels h — >■ 77, h — >■ ZZ* — ?> 
llTl, and h WW* llvv by the ATLAS and CMS 
collaborations at CERN [l[ defines a turning point in 
the history of elementary-particle physics. Even though 
the significance of the signal is not yet sufficient to claim 
a discovery, it now seems likely that the existence of a 
Higgs boson will be confirmed as early as in 2012. This 
discovery will mark the birth of the hierarchy problem 
[3, 0] ■ In the years to come the focus will be on probing 
the properties of the Higgs boson in as much detail as 
possible, so as to see whether there are any deviations 
from the predictions of the Standard Model (SM). 

Immediately following the announcement of the LHC 
results, several authors have commented on their impli- 
cations for the SM 0-0] j its supersymmetric extensions 
[8l-[20j. and other new-physics models [21-24|. In partic- 
ular, it was pointed out that a Higgs mass near 126 GeV 
is such that the SM can be extrapolated up to very high 
mass scales without running into trouble with triviality 
or vacuum instability bounds. If one is willing to accept 
a metastable vacuum with lifetime exceeding the age of 
the Universe, then the SM may even be extrapolated all 
the way to the Planck scale [6[. The hierarchy problem 
may then be solved by some non-trivial dynamics, e.g. a 
fixed-point of some renormalization-group flow, at very 
high energy scales In such a situation the physics 
responsible for stabilizing the Higgs-boson mass may lie 
out of the reach of terrestrial collider experiments. 

Despite this possibility, extensions of the SM invoking 
new particles at the TeV scale remain, of course, the 
more attractive way to address the hierarchy problem. 
Besides supersymmetry, models with extra dimensions 
provide an interesting class of scenarios, in which the 
hierarchy between the Planck and electroweak scales is 
explained in terms of geometry. Randall-Sundrum (RS) 
models (25| . in which the extra dimension is an anti-de 
Sitter (AdS) space, are particularly compelling in this 
regard, since they can address both the hierarchy and 



the flavor problem - the question why the fcrmion masses 
and mixing angles exhibit large hierarchies - in terms of 
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the same geometrical mechanism 

In this letter, we point out that a Higgs-boson dis- 
covery at the LHC will have important implications for 
RS models with a Higgs sector localized on (or near) 
the infra-red brane, while matter and gauge fields arc al- 
lowed to propagate in the bulk. We have emphasized in 
[sH that in the context of these models the Higgs produc- 
tion cross section via giuon-gluon fusion and the Higgs 
branching fractions provide superb tools to probe for in- 
direct signals of new physics, even if the mass scale of the 
new particles lies outside the reach for direct production 
at the LHC. These models predict significant modifica- 
tions of the loop-induced Higgs couplings to gluons or 
photons even for Kaluza-Klein (KK) masses in the range 
of several TeV, due to loop diagrams with virtual ex- 
changes of KK fermions or W bosons. We found that 
the Higgs-boson production cross section at the LHC 
can be significantly suppressed by these effects, while 
the branching fraction for Higgs decay into two photons 
is enhanced. On the other hand, the branching frac- 
tions for decays into ZZ, WW, and bb remain largely 
unaffected. They are dominated by the tree-level cou- 
plings of the Higgs boson to fermions and gauge bosons, 
which remain almost SM-like. As a result, the cross 
section times branching ratios for — > /i — > 77 and 
pp ^ h ^ ZZ, WW are all suppressed, but the suppres- 
sion is more pronounced in the latter case. Tentatively, 
this seems to be in accordance with the preliminary find- 
ings reported by ATLAS and CMS, which in particular 
indicate that any deviation from the SM predictions must 
be of moderate size. 

For completeness, we note that different predictions for 
Higgs phenomenology in RS models were obtained in [s^ , 
where the authors find an enhancement of the effective 
ggh coupling accompanied by a suppression of the 77ft. 
vertex. We will explain elsewhere why we believe that 
these are not the correct results for RS models address- 
ing the hierarchy problem, which must be considered as 
effective theories with a natural ultra-violet cutoff 1331. 
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In order to interpret the LHC data in the context of a 
specific RS model, it is desirable to have available approx- 
imate analytical expressions connecting the Higgs-boson 
production and decay rates with fundamental parameters 
of the underlying five-dimensional (5D) theory. Such for- 
mulae will be derived in |33|. Here we present the most 
important results of this analysis, sometimes making ap- 
proximations which help to better illustrate the struc- 
ture of the results. The most important model param- 
eters entering our analysis are the KK scale Mkk = ke 
(with k the AdS curvature and e = Ajr/Auv ~ 10~^^) 
and the 5D Yukawa matrices and in the up and 
down sectors (these matrices were called Yu,d in f3l|). 
We recall that the flavor hierarchies observed in the 
mass spectrum and mixing angles of the SM quarks can 
be explained naturally in terms of anarchic 5D Yukawa 
couplings, i.e. complex- valued matrices with random el- 
ements, and wave- function overlap integrals. The KK 
scale determines the masses of the low-lying KK excita- 
tions. For instance, the mass of the lightest KK gluon is 
approximately 2.45 Mkk- We also define the "volume" 
L = ln(l/e) w 37 of the extra dimension. For simplic- 
ity we will study the minimal RS model with matter and 
gauge fields propagating in the bulk, making use of many 
results derived in [3J|. Wc will later comment on an ex- 
tended model with a custodial protection of clectrowcak 
precision observables [s^, [s^ , which was the basis of our 
previous study of Higgs physics in a warped extra dimen- 
sion 1311. 



Higgs-boson production 

The Higgs-boson production cross section in gluon- 
gluon fusion at the LHC can be written as 
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(1) 



excellent approximation for a light Higgs boson. The sum 
accounts for the one-loop contributions of KK quarks. 
Remarkably, the infinite sum over these modes converges 
and its value depends only on the KK scale Mkk and the 
fundamental Yukawa matrices of the 5D theory, via the 
variable 



V2Mkk ^ ' 



(4) 



The hermitian matrices Yq Y^ can be diagonalized by 
means of a unitary transformation. After taking the trace 
in generation space, we obtain 



(5) 



where j/g''' are the eigenvalues of the Yukawa matri- 
ces. Since the 5D Yukawa matrices are assumed to be 
non-hierarchical with 0(1) complex elements, it follows 
that the result is proportional to the number of fcrmion 
species running in the loop. In other words, the KK tow- 
ers of all quarks give comparable contributions to the 
effective ggh vertex, irrespective of the mass of the cor- 
responding SM quark. 

In RS models the Higgs-boson coupling to top quarks is 
modified with respect to its SM value, since the top quark 
mixes with its KK excitations. This effect is accounted 
for by the parameter in whose real part is always 
less than 1. We obtain 



(YuY^Y^) 
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where 



Expressions for the matrices 6u.u can be found in \34 



Higgs-boson decays 
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is a small correction factor accounting for the difference of 
the Higgs vacuum expectation value wrs in the minimal 
RS model from its value in the SM [s^l- For a KK scale 
of 2TeV, we find w 1.014. Furthermore, 
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f(x) = t: — tanh^ X ^ x'^ — 
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We focus on the decays of the Higgs boson into the 
di-boson final states / = ZZ, WW, 77, which for a light 
Higgs boson will be measured with good precision at the 
LHC. In the minimal RS model the corrections to the 
ZZ and WW final states are identical up to a factor 
m|/mp^/. We define corrections factors {V = Z, W) 
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represents the modifications to the loop- induced ggh cou- 
pling [33|. We neglect the contribution of the bottom 



quark, which is strongly suppressed, and replace the top- 
quark loop function by its asymptotic value 1, which is an 



where to a good approximation |3l| 



w 1 
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(8) 
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which yields kz « 0.925 and kw ~ 0.942 for Mkk = 
2 TeV. The correction for the di-photon final state has a 
richer structure. We obtain 
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21 , 
KwAw + ^ TtF - 1) 



iTr/(Xrf)-^Tr/(XO 



(9) 



where Aw sa 6.27 is the absolute value of the VK-boson 
loop function for rrih = 126 GeV, and A^c = 3 is the 
number of colors. The first two terms inside the bracket 
correspond to the contributions of the W boson and its 
KK tower, while the last term accounts for the contri- 
butions of the top quark as well as the KK quarks and 
charged leptons. Since in anarchic RS models the 5D 
Yukawa matrices are random matrices with elements of 
the same magnitude, the last two terms in parenthesis 
tend to cancel each other, so that we obtain numerically 



1 + 0.27 (1 - Kg) - 0.74 (1 - Kw) 



(10) 



This result is interesting, because it shows that for certain 
choices of parameters the h — 77 decay rate can be 
enhanced relative to its SM value. 

When converting these results into branching fractions, 
one must take into account that the total decay rate T{h) 
of a light Higgs boson is dominated by its decay into bot- 
tom quarks. For a SM Higgs with mass rrih = 126 GeV, 
one finds Br(/i ^ bb) « 0.59, Br(/i ^ WW) « 0.23, 
Br(/i gg) « 0.07, and Br(/i ZZ) w 0.03. Hence 



Phenomenological implications 

The most significant corrections are likely to arise from 
the terms involving the Yukawa matrices, i.e. Kg in ([3]), as 
well as Kt and Kb in ([6]) and (|12p . By randomly generat- 
ing a large set of 5D Yukawa matrices, whose individual 
entries are restricted to have absolute values below j/max 
and are required to reproduce the masses and mixing an- 
gles observed in the quark sector, we find that on average 
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We remark that the mass and mixing constraints have 
only a minor impact on the obtained numerical coeffi- 
cients. Considering purely anarchic matrices Yq of rank 3 
and subject to the constraint |(yg)ij| < j/max, the numer- 
ical factors in front of j/max in the above relations would 
be 3.0 in the case of TrX^ and 1.1 in the case of Kt^. 

Our predictions for the ratios Rzz and R-y^/Rzz in 
the minimal RS model are shown in Figure [T] as func- 
tions of ?/max and the mass of the lightest KK gluon. 



2.45 Mkk- From the upper plot, we see that 



Rzz is strictly smaller than 1 and decreases (increases) 
with increasing j/max (Mkk)- In the region where the 
'-^(^rsZ-^kk) terms are smaller than 1, we find the ap- 
proximate result 



Rt = 
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0.59 [Re(K6)] ^ -t- 0.26 kIw + 0.07 k] + 0.09 . 



(11) 



The correction factor Kb is approximately given by 31 [ 



Kb 



"RS 



3A4k 



(12) 



33 



We are now in a position to work out the products 
of the production cross section times branching ratios for 
the various decay channels. These are the key observables 
that will be affected by new-physics contributions in RS 
scenarios. Defining the ratios 
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The modifications of the tree-level ZZh coupling ^ and 
of the effective ggh vertex ^ both suppress Rzz- The 
deviation of Rzz from 1 can be particularly large if the 
Yukawa couplings are allowed to take values near the per- 
turbativity bound ?/max — 3, which was estimated in 
by means of naive dimensional analysis. Note that in 
the upper left corner of the upper plot the corrections 
to Rzz become so large that they cancel the SM contri- 
bution or even overcompensate it. The lower plot shows 
that Rj'y/Rzz is always larger than 1 and increases with 
increasing 2/max and decreasing Mkk- In other words, 
RS models predict an enhancement of the /i — > 77 rate 
relative to the h — )■ ZZ rate in comparison with the pre- 
dictions of the SM. However, the deviation of R^^/Rzz 
from 1 is much smaller than for Rzz- Approximately, we 
obtain 



we obtain 
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from which it follows that R^^/Ryv — f^^l{i^t i^v) 
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0.7 + 4.1 
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which implies that this observable is dominated by the ef- 
fects of KK fermion loops contributing to /i — )■ 77. Com- 
bining (|16l) and (fT7|) indicates that the ratio R^^ itself is 
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FIG. 1. Predictions for Rzz (upper plot) and R-y~,/Rzz 
(lower plot) in the minimal RS model. 



FIG. 2. Predictions for Rzz (upper plot) and R^~,/Rzz 
(lower plot) in the RS model with custodial protection. 



predicted to be smaller than 1 in the minimal RS model, 
and that its contour plot resembles closely that of Rzz- 

Let us assume that a future measurement of the Higgs 
production cross section in the ZZ channel yields a value 
not smaller than 0.8 times the SM cross section. For 
2/max = 3, which is the value assumed in most phe- 
nomenological analyses of flavor-physics constraints in 
RS models to date, we would then conclude that the mass 
of the lightest KK gluon must be larger than 11 TeV. If we 
impose the stronger bounds |(l^)ij| < 1.5 or even < 1 
on the entries of the Yukawa matrices, we still obtain 
lower bounds of 6.5 TeV or 5 TeV on the KK gluon mass, 
respectively. These values exceed the masses accessible 
by direct production at the LHC. It has been estimated 
that KK gluons with masses up to (3 — 4) TeV can be 
probed with 100 fb~^ of data collected at = 14 TeV 



j39l kof , while for neutral gauge bosons the reach extends 
only up to about 2 TeV |4l|, [43. If, on the other hand, a 
suppression relative to the SM cross section were found 
in the production of the Higgs boson with subsequent de- 
cays into the clean Z Z and 77 final states, then based 
on Figure [1] these measurements could be translated into 
parameter ranges in the Mkk — 2/max plane. For example, 
if the one were to observe a reduction of the cross section 
for Higgs production in the ZZ channel by a factor of 2 
(i.e. Rzz = 0.5), then this would hint at a mass range 
between 3 and 6 TeV for the lightest KK gluon, assuming 
2/max lies between 1 and 3. 

It is interesting to consider also an extended version of 
the minimal RS model, in which the bulk gauge group 
is enlarged to include a custodial symmetry. When the 
SM gauge symmetry SU{2)l x U{1)y is replaced by 
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SU{2)l X SU{2)r X U{l)x X Plr in the bulk in order 
to protect the T parameter [s^, we find that the cocfS- 
cient (L- 1) in ([1]), dl]) and © gets replaced by 2L, and 
Kz = Kw with my = mvi/ in A significant reduction 
of the tree-level contributions to the Zbi^L vertex [s^ 
and its fiavor-changing counterparts (43j can be accom- 
plished by extending the quark content of the model. In 
the simplest flavor-anarchic setup considered in [sH , this 
leads to the appearance of 15 up-type quarks, 9 down- 
type quarks, and 9 exotic quarks with electric charge 5/3 
at each KK level, compared to 6 up-type and 6 down- 
type quarks in the minimal RS model. The enhanced 
multiplicity of fermionic degrees of freedom has several 
important consequences. In ^ and ([T^ . the terms that 
explicitly involve Yq are enhanced by about a factor of 
2, and the Sij,u matrices must be replaced by matrices 
^u,u defined in [3l|. Employing again a large sample 
of parameter points, we find that the numerical coeffi- 
cients entering nt and Kf, in (|15|) are thereby changed 
to 3.7 and 2.4, respectively. The higher multiplicity of 
states has an even larger effect on the expression for Kg 
in ([3]), which can be incorporated by multiplying the term 
Sq=ti d fi-^q) 11/4. Similar modifications apply to 
K-y in A more detailed discussion of the differences 
between the minimal and the custodial RS model will be 
presented elsewhere (ssj . 

In FigurelH we display Rzz and R^^/Rzz in the cus- 
todial RS model as a function of the lightest KK gluon 
mass and j/max- Notice that the qualitative behavior 
of both quantities parallels that found in the minimal 
model, but that the deviations of the two ratios from 1 
are significantly more pronounced. This feature is a di- 
rect consequence of the higher multiplicity of fermionic 
states in the custodial RS model. In the region where 
the C('y^s/-^KK) terms are smaller than 1, we obtain 
the approximations 
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(18) 
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a non-observation of KK particles at the LHC. In fact, 
these bounds are so strong that, barring fine-tuning, a 
non-observation of significant modifications of the cross 
sections would exclude this version of the custodial RS 
model over most over the interesting region of its param- 
eter space. 



Conclusions 

We have pointed out that a Higgs-boson discovery at 
the LHC will lead to stringent constraints on both the 
structure and parameter space of extensions of the SM 
with a warped extra dimension. In particular, precision 
measurements of the individual — > /i — > / cross sec- 
tions provide excellent probes of new physics, even if the 
mass scale of KK excitations lies above (3 — 4) TeV and 
thus outside the reach for direct production at the LHC. 
We have emphasized that RS models predict significant 
modifications of the effective ggh and 77/1 couplings due 
to loop diagrams involving a high multiplicity of virtual 
KK fcrmions or W bosons. These effects lead to a reduc- 
tion of the gg h production cross section at the LHC, 
while the branching fraction for /i — )• 77 is enhanced. 
The branching ratios for decays into ZZ, WW, and bb 
pairs receive only small corrections. They are dominated 
by the tree-level couplings of the Higgs boson to fermions 
and gauge bosons, which are SM-like. As a result, the 
cross section times branching ratios for pp ^ h ^ 77 and 
pp ^ h ^ ZZ, WW are predicted to be reduced, but the 
suppression is more marked in the latter case. This pat- 
tern resembles the preliminary results of the ATLAS and 
CMS collaborations, which indicate that a deviation from 
the SM predictions should be of modest size only. Once 
the Higgs boson has been discovered and its branching 
ratios to di-boson final states have been measured with 
some precision, these results will have profound impli- 
cations for RS models, which will either provide further 
support to the idea of extra dimensions even in cases 
where no KK particles are discovered, or else push the 
mass scale for KK excitations into the 10 TeV range. 



However, in this case there are also large regions of pa- 
rameters space where these approximations breaks down. 
Notice in particular that in the upper left corner of the 
upper plot the corrections to Rzz become so large that 
they overcompensate the SM contribution and Kg be- 
comes negative. In this exceptional region of parameter 
space, it is possible that the ratio Rj^ in ([H]) becomes 
larger than 1, meaning that the production cross section 
times the /i — > 77 branching ratio can be larger than in 
the SM. From the figure it is evident that a measure- 
ment of the Higgs production cross section in the ZZ or 
77 channels close to the SM cross sections would impose 
severe constraints on the KK mass scale, which would be 
far stronger than the bounds that could be derived from 
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